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We demonstrate that the integrated intensity of ®^Cu nuclear quadrupole resonance (NQR) in 
Lai.6-a;Ndo.4Sra;Cu04 decreases dramatically below the charge-stripe ordering temperature Tcharge- 
Comparison with neutron and X-ray scattering indicates that the wipeout fraction F{T) (i.e. the 
missing fraction of the integrated intensity of the NQR signal) represents the charge-stripe order 
parameter. The systematic study reveals bulk charge-stripe order throughout the superconducting 
region 0.07 < a; < 0.25. As a function of the reduced temperature t = T/Tcharge, the temperature 
dependence of F{t) is sharpest for the hole concentration x ~ 1/8, indicating that x ~ 1/8 is the 
optimum concentration for stripe formation. 
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I. INTRODUCTION 

Research into the stripe phase of the Cu02 plane has 
continued to expand [pHSI since its experimental discov- 
ery in 1995 by Tranquada et al. p]. Static charge-stripe 
order was observed for Lai.6-2;Ndo.4Sra;Cu04 with x = 
0.12 ||7| with an onset temperature Tcharge ^ 65K using 
neutron diffraction. The same charge-order superlattice 
peaks were recently confirmed using hard X-ray diffrac- 
tion by Zimmerman et al. g and a similar Tcharge ^ 70K 
was found. Even more recently, charge-order superlat- 
tice peaks have been observed in Lai.45Ndo.4Sro.i5Cu04 
by NiemoUer et al. Q using hard X-rays, and they re- 
port a slightly lower onset temperature Tcharge ~ 62K. 
Charge transport studies of Lai.6-2;Ndo.4Sr2:Cu04 by 
Uchida et al. ||l^ also support a static charge-stripe pic- 
ture. The Hall coefficient shows a dramatic decrease 
starting around Tcharge, reflecting the one dimensional 
nature of the charge transport in the striped phase. Fur- 
thermore, the decrease is sharpest around the x — 1/8 
doping where stripe order is believed to be most robust 

The observation of spin-stripe order has been reported 
for an even wider range of doping. Neutron scattering by 
Tranquada et al. jll) successfully detected static spin- 
stripe order for x = 0.12,0.15 and 0.20 at Tspin ^ 50K, 
45K, and 20K respectively. These findings have been 
comflrmed and extended with more recent measurements 
by Ichikawa et al. |12| ]. The neutron scattering exper- 
iments ||I^ also observe a decreasing sublattice magne- 
tization away from 1/8 doping, and incommensurabil- 
ities that are similar to those for the La2-a;Srj;Cu04 
|l3| series. The most interesting feature however, is 
that the onset temperature Tgpin for spin-stripe order 
in Lai.g_2;Ndo.4Sra;Cu04 at a; = 0.12 is 50K , which is 
lower than Tcharge of 65K, implying that charge order 
is a precursor to spin order. In addition, a spin or- 



dering temperature Tspin = 30K, 25K, and < 4K for 
X = 0.12, 0.15, and 0.20 respectively has been deter- 
mined by Nachumi et al. |1J] using /zSR. The /iSR probe 
has a lower inherent frequency (~ 10^ Hz) compared with 
elastic neutron scattering (~ 10^"'^ Hz), so the discrepency 
in the spin ordering temperature between the fiSK and 
neutron results indicate that the spin-stripe fluctuations 
gradually slow down with decreasing temperature below 
Tcharge- That is, spiu-stripc ordering is a glassy transi- 
tion in Lai.6~a;Ndo.4Sra.Cu04. 

In this paper, we utilize Cu nuclear quadrupole 
resonance (NQR) to probe stripe instabilities in 
Lai.6-£i;Ndo.4Sra;Cu04. Cu NQR gives unique informa- 
tion about the charge environment at the Cu nuclear site. 
In particular, the resonance frequency for Cu NQR, con- 
ventionally called VQ (~ 36 MHz) |l^,|l^, is determined 
by the energy splitting of the ±| •!-> ±i levels, which 
in turn is directly proportional to the electric field gra- 
dient (EFG) at the Cu nuclear site. The EFG itself is 
very sensitive to the charge environment, and we thus 
expect any change in the charge distribution within the 
Cu02 plane, such as charge density waves (CDW), to 
directly affect Cu NQR. Earlier work on conventional 
CDW systems such as NbScg and Rbo.aMoOa ^] 
made use of the extreme sensitivity of vq to the EFG. 
Our novel approach ||l| makes use of wipeout effects |1^] 
in ^■^Cu NQR from which we obtain unique informa- 
tion about charge-stripe order in Lai.6-a;Ndo.4Sra;Cu04. 
The fundamental difference between NQR and neutron 
scattering is that the former is a local probe, while the 
latter requires spatial coherence, thus NQR and neu- 
tron scattering provide complimentary information about 
stripe physics. The NQR wipeout alone cannot give de- 
tails of the spatial structure of the stripes, but being 
a local probe, NQR is very sensitive to charge-stripes 
with short or poorly defined correlation lengths. Indeed, 
away from the robust 1/8 region, detection of charge- 



stripes by bulk scattering has proved difficult and up 
to now, no direct observation of charge-stripe order has 
been reported other than for Lai.48Ndo.4Sro.i2Cu04 and 
Lai.45Ndo.4Sro.i5Cu04. However by confirming that the 
NQR wipeout fraction F(T) has identical temperature 
dependence as the neutron and X-ray charge-stripe or- 
der parameter for x = 0.12 and 0.15, we claim that F{T) 
is the charge-stripe order parameter and we extend the 
detection of charge-stripe order in Lai.6-2:Ndo.4Sr2:Cu04 
to 0.07 < a; < 0.25. We also establish that the transition 
is sharpest at x = 0.12. 

The rest of the paper is presented as follows: in sec- 
tion II we go over the experimental details and present 
our results. In section III we discuss our NQR data in 
comparison with the neutron and X-ray measurements. 
Section IV contains the conclusions. 



II. EXPERIMENTAL PROCEDURES AND 
RESULTS 

A. Sample preparation 

Powder samples of Lai.6-2;Ndo.4Sra:Cu04 
with X = 0.07,0.09,0.12,0.15,0.20, and 0.25 were pre- 
pared by solid-state reactions of La203 (99.99%), Nd203 
(99.99%), SrCOg (99.99%) and CuO (99.995%). The ma- 
terials were mixed in the desired stochiometry and pre- 
reacted at 850° C. The samples were then finely ground 
and heated to 950° C. This cycle was repeated several 
times. For the final reaction, the powder was pressed 
(0.6 GPa) into rods of cylindrical shape and annealed in 
flowing oxygen. The heat cycle for this final reaction was 
similar to that used by Breuer et al. [pOJ where a highest 
temperature of 1150° C was used. All the samples were 
confirmed by X-ray diffraction to be single phased, and 
the room temperature orthorhombic splitting [b — a] was 
in good agreement with |2(]f| . 



of ^^Cu and ^^Cu isotopes. Note that the intensity of the 
B line compared with that of the A line goes roughly as 
the doping x, in good agreement with earlier reports by 
Yoshimura et al. [£l[. It is generally believed that the B 
line originates from Cu nuclei underneath a Sr atom, and 
the A line from the Cu nuclei away from the Sr dopants. 
This picture is consistent with the observed ratio of in- 
tensities. We also observed an enhanced tail at the lower 
frequency side of the spectrum, possibly from Cu sites 
underneath a Nd atom. This lower frequency tail is also 
observed in Lai.8-a;Euo.2Sra;Cu04 spectra [E2|, presum- 
ably from Cu sites underneath a Eu atom. 

In order to extract quantitative information about the 
lineshapes, each spectrum was fit to a convolution of 
Gaussians; two for the ^^Cu and ^'"^Cu A line, and two 
for the ^^Cu and ^^Cu B fine (as shown for x = 0.12 
in Fig. 0(a)). Fitting the A line with two Gaussians 
results in six parameters (two amplitudes, two peak 
positions corresponding to the NQR frequencies ^^i'q 
and ^^i^Q, and two widths). Using the known ratios of 
63jyQ/65j,Q = Q^^/Q^^ = 1.083 and N^^/N^^ = 69/31 
for the quadrupole moments Q and isotopic abundances 
N respectively reduces the number of free parameters. 
The B line was fit in the same manner. 

Results of A line HWHM (half width at half maximum) 
observed at 150K are shown in Fig. |l|(b). The fitted 
value of the HWHM is sensitive to the lineshape data, 
especially at the tails, but the general trend is that the 
HWHM increases with x. The value is generally 50% 
higher than the HWHM observed for La2-2;Srj;Cu04 at 
the same doping W. This is possibly due to the increase 
in structural disorder due to Nd substitution. 

Results of the ^^vq for the A and B line observed at 
150K are shown in Fig. 0(c). The doping dependence 
of VQ for the A and B line in Lai.6-a;Ndo.4Sra;Cu04 is 
consistent with previous studies on La2-a:Sra;Cu04 [pi|| . 



C. Temperature dependence of ^^Cu NQR spectra 



B. Characterization of NQR spectra 

The ^3'^^Cu NQR frequency spectra, or lineshapes, 
were measured using a 90° — r — 180° — t — echo phase- 
cycled pulse-sequence at fixed r. The resonant circuit 
was heavily damped so that short r could be used (typi- 
cally r = 10 ~ 12/is). In addition, the damping assured 
that the Q value of the resonance circuit changed little 
with temperature, therefore pulse conditions and sensi- 
tivity remained constant. 

Fig. H(a) shows the lineshapes for all the 

Lai.6-2;Ndo.4Sr2,Cu04 materials observed at 150K. At 
150K, all the materials are in the LTO (low temperature 
orthorhombic) phase. The two different sites, conven- 
tionally called A and B, are present for all the materials 
and each is further split into two lines due to the presence 



The temperature dependence of the lineshapes came 
in three forms: 

(1) The inhomogeneous linewidth (HWHM) of the 
^^Cu A line shown in Fig. ||(a) for x — 0.12 shows a 
smooth increase {^ 20%) from 300K to 20K. The same 
temperature dependence of the HWHM was found for all 
the samples. The HWHM data was used to estimate the 
integrated intensity of the NQR lineshape, so to avoid 
unnecessary scatter in this estimation, we typically used 
a finear fit to the HWHM. 

(2) Fig. g(a) shows the temperature dependence of 
^^vq for the x = 0.12 sample, and as can be seen, 
^^vq shows a gradual increase of several hundred kHz 
from room temperature down to T^harge =70(7)K, below 
which the rise in ^^vq is more dramatic. The other sam- 



pies show qualitatively similar temperature dependence 
as discussed in section III. 

(3) All of the materials showed a dramatic loss of signal 
intensity at temperatures below 150K. Fig. ||(b) shows 
the temperature dependence of the lineshapes for x — 
0.12. The NQR intensity is proportional to the statisti- 
cal Boltzmann factor e'"'Q/'=sT ^ i/T where hi^Q ^ ksT 
in the present case. Accordingly, we multiplied each line- 
shape by T to take this into account. The loss of NQR 
intensity therefore implies that ^'^'^^Cu nuclear spins in 
certain segments of the sample become undetectable. 

In order to quantify the loss of signal shown in Fig .0(b), 
we estimated the temperature dependence of the inte- 
grated intensity for each material using a three step pro- 
cess. (1) We calculated the area of the lineshape from 
the fitting procedure described above. (2) A Boltzmann 
factor was included at each temperature. (3) The line- 
shapes were corrected for spin echo decay as described 
below. We also attempted to make standard NQR fre- 
quency corrections of 1//^ to the lineshape intensity [[l6[ , 
but they did not affect our results. Fig. g(a) shows the 
results of the temperature dependence of the integrated 
intensity for x = 0.12. When working out the lineshape 
area, only the integral of the A line intensity was used 
so that unecessary scattering of the estimated total in- 
tensity was avoided. This was justified by previous high 
precision studies of the NQR intensity |l| on a related 
compound Lai.875Bao.i25Cu04 enriched with the ^^Cu 
isotope. As shown in Fig. @(b), both A and B lines have 
identical temperature dependence of the integrated NQR 
intensity. 

Corrections for spin echo decay, or the 'T2 corrections', 
were made by measuring the spin-spin relaxation I/T2 
pM at each temperature. Since T2 exhibits slight depen- 
dence on frequency, in order to be rigorous one needs to 
make corrections for T2 at every frequency rather than 
just at the peak of the A line. We tested whether the 
rigorous approach was necessary. For the x = 0.20 sam- 
ple, the effect of T2 was nearly uniform across the entire 
lineshape at 150K, but at 30K (shown in Fig. |(a)), I/T2 
increased towards the lower frequency side. Fig. ^ (b) 
shows the integrated intensity with the 'full T2 correction' 
at 150K and 30K compared with the intensity points de- 
duced from correcting for T2 just at the peak frequency. 
Both methods gave the same results within experimental 
error, so we conclude that the T2 correction at the peak 
of the A line is sufhcient. 

As shown in Fig. H(a) for x = 0.12, the intensity is con- 
stant within experimental error from 300K to 70(7)K, but 
then shows a dramatic drop to zero from 70(7)K to lOK. 
This is the 'wipeout' effect, and we will discuss the mech- 
anism of the wipeout in section III. By taking the con- 
stant value between 300K and 70(7)K as the zero baseline 
and then inverting the plot, one obtains the fraction of 
signal lost, or the wipeout fraction F(T). As we demon- 
strate in section III, the onset temperature of F{T) is in 



good agreement with the charge-stripe ordering temper- 
ature Tcharge determined by neutron/X-ray scattering. 
Fig. H is a plot of the temperature dependence of F{T) 
for all the Lai.6-a:Ndo.4Sr2;Cu04 samples. Even though 
Tcharge and the transition widths are different for vari- 
ous X, all show 100% wipeout, thus leaving no observable 
^^Cu NQR signal by ~ lOK. We emphasize that since we 
have taken T2 corrections into account for the integrated 
intensity, the loss of observable NQR signal is not caused 
by a divergence of T2 throughout the entire sample as of- 
ten observed in the vicinity of magnetic long range order. 



D. ^'^Cu spin-lattice relaxtion 

Fig.g shows the spin-lattice relaxation rate ^^1/Ti 
for Lai.48Ndo.4Sro.i2Cu04 , Lai.45Ndo.4Sro.i5Cu04, and 
Lai.68Euo.2Sro.i2Cu04 in addition to Lai.885Sro.ii5Cu04 
data from Hll. AU ^^1/Ti were taken at A hne ^^i^q, 
and all fit well to single exponential recoveries as ex- 
pected for / — 3/2 nuclei in NQR. The relaxation rates 
for the four materials are equal within 10% from 300K 
to about 125K, but below about 125K, the ^^1/Ti data 
for Lai.g_a;Ndo.4Sr2;Cu04 measured for the remaining 
^■^Cu NQR signal increases with deceasing temperature 
as - 1/T. The ^^1/Ti data for Lai.68Euo.2Sro.i2Cu04 
p2[ starts to increase at a lower temperature of 35(5)K. 
Wipeout effects below 30K prohibit further measure- 
ment of ^^1/Ti data for Lai.6-2;Ndo.4Sra;Cu04 and 
Lai.68Euo.2Sro.i2Cu04. At 30K, even though '^^l/Ti 
from the remaining ~ 5% of the signal is increasing with 
decreasing temperature, it is still measurable. 



E. ^'^Cu spin-echo decay 

The NQR spin-echo intensity S{2t) depends strongly 
on 2t (where r is the time separation between the 90° 
and 180° pulses) as shown in Fig. where S{2t) is 
plotted on a logarithmic scale. The data is from the 
Lai.48Ndo.4Sro.i2Cu04 sample, and S(2t) is measured 
at ^^ly'Q for the A line at each temperature. In order to 
correct the NQR integrated intensity for spin echo decay, 
one has to extrapolate the curve to the zero time 2t = 0. 
Most importantly, qualitative changes of the decay shape 
(such as loss of Gaussian curvature below Tcharge) makes 
T2 corrections essential in determining Tcharge accurately. 
The shortest possible 2r is limited by the the circuit dead 
time with a value of ~ 20/is. 

The fit used for the extrapolation has the functional 
form: 



S{2t) = 5(0)e-2-/T..g-(2r)V2T|c 



(1) 



where T2L is the Lorentzian decay which has contribu- 
tions from the Redfield Ti process, and T2G is the Gaus- 
sian decay which is dominated by the indirect spin-spin 



coupling between like spins [ [L6[ . In various high Tc 
and related copper-oxides, when the NQR linewidth is 
as small as ~ 200 kHz, one can excite the entire ^^Cu 
NQR spectrum with intense R.F. pulses. In such cases, 
one can give theoretical constraints on the Lorentzian 
contribution T2L based on calculations of the spin-lattice 
relaxation process 123]. In the present case however, the 
full NQR linewidth (~ 3 MHz) is an order of magnitude 
larger than the strength of the R.F. pulses (~ 200 kHz). 
It is well known that this gives rise to artificial changes in 
the functional form of the spin-echo decay p3 , making 
the Gaussian contribution more Lorentzian. Accordingly, 
we chose both T2L and T2G as free parameters. We note 
that use of the stretched exponential form of the fitting 
function: 



5(2t) = ^(0)e-(2^/^^)' 



diffraction [^ 11|, and clearly indicates the wipeout frac- 
tion is triggered by charge-order and not spin-order. 

Further evidence of charge-stripe order 
in Lai.48Ndo.4Sro.i2Cu04 ^ and Lai.45Ndo.4Sro.i5Cu04 
PI has been reported using high energy x-ray scattering. 
Fig. H(a) includes the X-ray results for x = 0.12, where 
the square root of the longitudinal charge peaks are plot- 
ted, normalized to lOK. The X-ray data is in good agree- 
ment with both neutron and NQR data. Fig. 0(b) is 
a comparison of X-ray data for x = 0.15 B, where we 
have plotted the square root of the charge peaks in the 
transverse direction and compared it to our wipeout frac- 
tion F{T) for X = 0.15. Again, the X-ray data agrees on 
the onset temperature Tcharge ~ QO{Q)K obtained from 
NQR. Both sets of X-ray data further support our identi- 
fication of the wipeout fraction F{T) as the charge-stripe 
(2) order parameter. Furthermore, we note that Tcharge mea- 



often used in the literature under similar circumstances 
did not affect our estimate of the temperature depen- 
dence of S{0). 

At Tcharge and bclow, the spin echo decay dramatically 
changed to a single rate Lorentzian. This can be seen by 
the loss of curvature in Fig. 0. As discussed in section 
HI, this crossover provides an added signature for the on- 
set of wipeout, however the crossover also generates more 
potential error in the estimate of the T2 corrected inten- 
sity S'(O). Small changes of curvature in the fit creates 
large variations in the value of S(0) at T > Tcharge, so 
extra care had to be taken for data measurements and 
fits around Tcharge- This complexity is the reason for the 
larger error bars around Tcharge in Fig. ^ (a). Conse- 
quently, Tcharge is giveu a ± 10% error. 



III. DISCUSSION 

A. Wipeout effects 

We now compare the NQR wipeout fraction F{T) 
to elastic neutron diffraction studies carried out for 
Lai.48Ndo.4Sro.i2Cu04 by Tranquada et al. [[7|, where 
charge-stripe order was discovered. Fig. ^(a) is a com- 
parison of the temperature dependence of the square root 
of the transverse charge-order peak Q normalized to 
lOK, along with our temperature dependence of F{T). 
We note that in general, the elastic scattering intensity 
represents the square of the order parameter (for exam- 
ple, the intensity of the magnetic Bragg scattering is the 
square of the sublattice magnetization M{T)) |2^. The 
identical temperature dependence of F{T) and the neu- 
tron charge-order parameter allows us to conclude that 
the wipeout fraction F{T) represents the charge-stripe 
order parameter. Also plotted is the square root of the 
static spin-ordered peaks M{T) for x = 0.12 by neutron 



arge 

sured by NQR, X-ray, and neutron all agree for x — 0.12 
despite the different frequency scales of each probe, indi- 
cating that charge-stripes slow down to NQR time scales 
very quickly near Tcharge- 

Given the evidence for charge-stripe ordering in 
Lai.48Ndo.4Sro.i2Cu04 @,|| and Lai.45Ndo.4Sro.i5Cu04 
Q, we will now argue that the Cu NQR 'wipeout' |19| ] 
effect comes as a natural consequence of the ordering. 
Because the resonant frequency ^^vq is directly propor- 
tional to the electric field gradient (EFG) at the Cu site, 
we expect NQR to be very sensitive to local charge distri- 
butions. Indeed, a spatial modulation of the hole concen- 
tration ranging from 0.5 to holes per Cu atom results 
in as much as an ~ 8 MHz pl| instantaneous variation of 
^^vq- In the proposed stripe model [pj at a; ~ 1/8, rivers 
of hole rich CuO chains with effectively 0.5 holes per 
Cu are separated by bare three-leg CuO ladders with no 
holes. We therefore expect that below the onset temper- 
ature for charge-stripe order Tcharge, regions which con- 
tain stripe fluctuations will have instantaneously vary- 
ing ^^lyq distributions, and if these fluctuations are on 
the NQR timescale (i.e. fluctuate at frequencies of order 
^^lyq), the resonance condition in those regions will no 
longer be well defined. Furthermore, charge order turns 
on slow spin fluctuation s P6[ resulting in divergences in 
the spin-lattice ^^1/Ti [^7| and spin-spin ^■^1/T2 relax- 
ation rates within the stripe ordered domains (note that 
the measured ^^1/Ti and ^^1/T2l in Fig. | and Fig. |l^ 
do not necessarily reflect the relaxation rates in the or- 
dered segments of the sample but they are a measure of 
relaxation rates of the segments that have not yet or- 
dered). Both these effects will result in a loss of ^^Cu 
NQR signal intensity and we therefore expect the frac- 
tion of the intensity loss to be a good measure of stripe 
order. 

It is worth mentioning that at low enough temper- 
atures, an NQR like signal reappears for the case of 
Lai.88Bao.i2Cu04 |^. Below < lOi^, static mag- 
netic hyperfine fields strongly perturb the Cu NQR 



spectrum causing a line broadening from low frequen- 
cies up to 80 MHz |2^. We confirmed the findings 
from [g8| for Lai.88Bao.i2Cu04, where a broad, feature- 
less Zeeman perturbed NQR spectrum at 1.7K was re- 
ported. We note that the low temperature spectrum 
for Lai.6-a;Ndo.4Sra;Cu04 is further complicated by mag- 
netic field contributions from the Nd ions that order at 
<5K§. 

We now discuss a possible fit of the temperature depen- 
dence of F{T). Conventional CDW ground states have 
many common characteristics with other broken symme- 
try ground states such as superconducting and spin den- 
sity wave ground states. In particular, within the weak 
coupling limit, the thermodynamics of the phase tran- 
sition and the temperature dependence of the order pa- 
rameter are the same as those of a BCS superconductor 
|g9|,|0[. To see if this is the case, we present Fig. ||(c) 
where F{t) is plotted as a function of the reduced tem- 
perature t = T/Tcharge for all thc Lai.6~a;Ndo.4Srj;Cu04 

samples. The solid curve is the BCS form of the con- 
densate density fd{t) in the dynamic limit |3l[| , and the 
dashed curves are a guide for the eye. The data for the 
X = 0.09,0.15, and 0.20 samples look similar, and the 
X = 0.07 data stands out as having the broadest transi- 
tion. The X — 0.25 data looks identical to the x = 0.20 
data and has been omitted from this plot. The temper- 
ature dependence of F{t) for x — 0.12 appears to be the 
sharpest and shows the best agreement with fd{t). From 
the wipeout mechanism we have proposed, this is ex- 
pected since F{T) is related to the fraction of the Cu02 
plane where condensate fluctuations exist. The fact that 
the transition is sharpest around a; ~ 1/8 could indicate 
that the charge-stripe is most stable around x ~ 1/8. 

We now present the phase dia- 

gram of Lai.6-a:Ndo.4Sr^Cu04 in Fig. |, with Tcharge, 
Tspin according neutron scattering [|2|, Tspin obtained 
by /xSR [|l4| , the superconducting transition temperature 
Tc, and the LTO to LTT (low temperature tetragonal) 
or LTLO (low temperature less orthorhombic) transition 
temperature T^tt [Q ■ We measured the bulk magnetic 
susceptibility with a SQUID magnetometer in a field of 
10 Oe, and we estimated Tc by taking the slope at the half 
point in the diamagnetic response and extrapolating to 
zero susceptibility. The x = 0.12 and 0.07 samples show 
residual superconducting components, and the x — 0.25 
sample shows no diamagnetic response down to 3K. The 
X — 0.09, 0.15, and 0.20 samples have the largest low tem- 
perature susceptibility — 47rx with Meissner fractions cor- 
responding to ~ 40%. Fig. u demonstrates for the first 
time that charge-stripe order exists throughout thc entire 
superconducting region of Lai.g_2:Ndo.4Sra;Cu04. Fur- 
thermore, the 100% wipeout indicates that the charge- 
stripe transition involves the entire Cu02 plane. 

Fig. P clearly 

indicates that Tcharge for Lai.g_2:Ndo.4Sr2;Cu04 does not 
strictly coincide with Tltt ^ 60K except at x = 0.12, 



suggesting that the LTO-LTT structural transition is not 
the primary cause of the charge anomaly at Tcharge- Fur- 
ther support of this statement comes from NQR wipeout 
measurements we made on Lai.8-a;Euo.2Srj^Cu04 with x 
= 0.07, 0.12, 0.16, and 0.20 aU with LTO-LTT structural 
transition temperature Tltt ^ 130K |Q that are higher 
than for Lai.6-KNdo.4Sr2,Cu04 where Tltt ~ 60K. We 
used exactly the same techniques to measure F{T) and 
Tcharge for Lai.8-xEuo.2Sr2,Cu04 as described earlier for 
Lai.6-xNdo.4Sra;Cu04, and the results shown in Fig. ^ 
indicate that Tchargeix) for Lai.8-a;Euo.2Sr2:Cu04 and 
Lai.6-a;Ndo.4Sr2;Cu04 is the same within the experimen- 
tal error. This clearly shows that Tcharge and Tltt are 
not strictly correlated and that the LTT structural tran- 
sition is not the primary origin of the charge anomaly. 
We also note that spin-stripe order has been observed 
in La2-^Sr^Cu04 (x = 0.12 |,| and x = 0.05 [§) and 
La2Cu04+A- |5[|, where both materials do not even have 
the LTO-LTT structural phase transition. 



^^Cu spin-lattice relaxation rate "^l/Ti 



We now compare the temper- 

ature dependence of ^■^1/T'i in Lai.48Ndo.4Sro.i2Cu04, 
Lai.45Ndo.4Sro.i5Cu04, Lai.68Euo.2Sro.i2Cu04 

and Lai.885Sro.ii5Cu04 J2^ in light of previous ^^1/Ti 
measurements by Itoh et al. p4| on a variety of the rare 
earth (R) doped 1-2-3 materials RBa2Cu307_j, [R = Y, 
Nd, Eu]. 

As discussed in [p3 , the 4f electron moments from the 
trivalent rare earth R'^^ ions contribute to the ^^1/Ti 
primarily through a dipole interaction between the 4f 
moment and the Cu nuclear moment, giving the general 
form: 
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1/Ti = (l/ri)4/ + {l/T,)cu 



(3) 



We find that the ^^1/Ti data for Lai.885Sro.ii5Cu04, 
Lai.g_a;Ndo.4Sra;Cu04, and Lai.68Euo.2Sro.i2Cu04 has 
the same systematic features as the equivalent 
YBa2Cu307_y, NdBa2Cu307_y, and EuBa2Cu307_y 
data. 

(1) Lai 885Sroii5Cu04 and YBa2Cu307_j, have no 
(1/Ti)4/ component, and {l/Ti)cu for the observable 
segments of the NQR signal in Lai.885Sro.ii5Cu04 de- 
creases with decreasing temperature | p5[ . 

(2) Lai.48Ndo.4Sro.i2Cu04, Lai.45Ndo.4Sro.i5Cu04, 
and NdBa2Cu307_j, all have Nd'^"'' ions which have 
J = 9/2 ground states, and a large (l/ri)4/ contribu- 
tion is apparent with decreasing temperature in both 
cases. The temperature dependence of (1/Ti)4/ depends 
on the details of the crystal field [p3. (l/ri)4/ for 
NdBa2Cu307_j, is temperature independent down to at 
least IK, which is the expected behaviour in the limit 



Tat < T < Ai where Tat = 0.52K is the ordering tem- 
perature and Ai = 140iir is the crystal field splitting be- 
tween the ground state and the first excited state. The 
Lai.48Ndo.4Sro.i2Cu04 and Lai.45Ndo.4Sro.i5Cu04 data 
shows that (1/Ti)4/ increases with decreasing tempera- 
ture indicating that Ai < 140A' in these materials. 

(3) Lai.68Euo.2Sro.i2Cu04 and EuBa2Cu307_y both 
have Eu^+ ions which have J — Q ground states and 
J = 1 first excited states split by the spin-orbit constant 
A. The EuBa2Cu307_j^ data shows negligible (1/Ti)4/ 
contribution at and below 50K, consistent with the A — 
4:50K ^ T p^]. Since the first excited state is predomi- 
nantely split by spin-orbit effects, one also expects neg- 
ligible (l/ri)4/ contributions in Lai.68Euo.2Sro.i2Cu04 
below 50K. However, as the Lai.68Euo.2Sro.i2Cu04 data 
indicates, there is an increase in ^^1/Ti below 35(5)K, 
suggesting that the observable ^^Cu NQR signal senses 
diverging low frequency spin fluctuations due to critical 
slowing down of Cu moments toward Tspm — 25 ^ 27K 
as observed by /xSR [Q for Lai.68Euo.2Sro.i2Cu04. Both 
/j,SR and NQR have similar inherent probing frequen- 
cies of ~10^ Hz, thus one expects Tgpin even for a glassy 
transition to be comparable for both measurements, as 
is the case for La2-2:Sr:rCu04 according to fiSR [ p7|j38| 
and "^La NQR ||,|,||. We also find that ^^1/TiT in 
Lai.68Euo.2Sro.i2Cu04 decreases slightly below Tctarge 
prior to the onset of critical divergence oi^^l/TiT toward 
Tspin- Even though reduction of ^^1/TiT is usually at- 
tributed to pseudogap in the spin excitation spectrum, it 
is not clear whether that is the case here. We emphasize 
that the reduction of ^^1/TiT is found for the observable 
fraction of the Cu02 planes, and that the unobservable 
fraction may have divergent ^■^1/Ti at T < Tcharge- 

We would like to add that although in the case 
of Lai.6-:ENdo.4Sr^Cu04 below T = 125K, (1/Ti)4/ 
dominates over {l/Ti)cu and no spin-ordering can 
be inferred, fiSK measurements report that there 
is spin-ordering at temperatures Tspm similar to 
Lai.8-xEuo.2Sr:rCu04. /iSR measurements were ob- 
tained for Lai.48Ndo.4Sro.i2Cu04 [ll4|J40[ where Tspm ^ 
30K, and a reduced value for Lai.45Ndo.4Sro.i5Cu04 
of Tspin ~ 25K has also been reported |1J,^. It 
was also shown by /zSR |^1|] that Tspm ~ 25K for 
Lai.85-yNdj,Sro.i5Cu04 is independent of the Nd con- 
centration y for 0.3 < y < 0.6. 

Fig. I 

includes the values oiTspm for Lai.6-2;Ndo.4Sra;Cu04 ac- 
cording to neutron scattering [n2| and /iSR flj] . No spon- 
taneous magnetization is detected for x = 0.20 by ^SR 
down to 4K in contrast to the static spin-stripe observa- 
tions by neutron scattering |13jll|], where Tgn,;,,, ~ 20K 



^ spin 

for X = 0.20. Indeed, for x = 0.10,0.12,0.15, and 0.20, 
Tspin is consistently '^ 20K higher for neutron scatter- 
ing |13Jll[l than for /iSR measurements |1J]. Further ev- 
idence of the glassy nature of the spin-ordering comes 
from ESR (electron spin resonance) studies by Kataev et 



al. |33| for Lai.8-£!;Euo.2Sr2;Cu04 at a; ~ 1/8, where they 
clearly observe that the Cu spin fluctuation frequency Usf 
shows a strong temperature dependence below Tcharge- 



C. ^^Cu spin-echo decay ''^l/Ta 

We now discuss the temperature dependence of the 
spin echo decay both above and below Tcharge- Above 
Tcharge, the Spin ccho decay from all the samples were 
fit using the two free parameters T2G and T2L in Eq. 
(|l|) . We found that greatly reducing the excitation range 
from ^ 200 kHz to ~ 50 kHz, caused a significant reduc- 
tion of the Gaussian component. This can be understood 
P4| in the context of inhomogeneous broadening, where 
reducing the frequency range has the effect of reducing 
the number of like spins responsible for the indirect spin- 
spin (Gaussian) decay. The reverse situation where the 
frequency range is kept fixed but the inhomogeneous line 
is broadened will also reduce the number of like spins. Ei- 
ther way, detuning the spin-spin mechanism |2j| results 
in an apparent reduction of the Gaussian curvature in the 
spin echo envelope and results in the Gaussian contribu- 
tion to the second moment appear more Lorentzian in 
character. However, even if we use weak R.F. pulses and 
thereby eliminate the Gaussian curvature in the spin- 
echo decay, we found that the extrapolated value S(0) 
does not change. 

Even though the NQR HWHM does not increase sig- 
nificantly around Tcharge (Fig. 0(a)) and we maintain 
the same strength of R.F. pulses, we still observed a dra- 
matic reduction of the Gaussian component at and be- 
low Tcharge, indicating that there is a mechanism below 
Tcharge that inherently eliminates the Gaussian process. 
The same mechanism that causes the wipeout can also 
be used to explain the crossover, namely that the spatial 
charge modulations below Tcharge detune the indirect in- 
teraction by creating site to site ^^vq variations, thereby 
reducing the number of like spins and thus eliminating 
the Gaussian decay. Below Tcharge, the spin-echo decay 
was always Lorentzian with T2L ^ Ti . We observed that 
reducing the spectral excitation range in this case did not 
change T2L- Fig. [lO| shows the temperature dependence 
of ^^1/T2L for a selection of the Lai.6-a:Ndo.4Srj;Cu04 
samples and Lai.68Euo.2Sro.i2Cu04 M. The data at each 
doping starts at Tcharge and flnishes when the wipeout 
is nearly complete. The doping dependence of ^'^1/T2l 
shows a systematic decease with increasing hole doping 
X. If ^^l/T2L was entirely dominated by 4f moment fluc- 
tuations from the Nd^^^ ion, ^'^1/T2l would not show this 
doping dependence. Moreover, as argued for the ^■^1/Ti 
data, Lai.68Euo.2Sro.i2Cu04 has a negligible 4f moment 
at 50K, yet within scattering, ^^1/T2l at 50K is the same 
as for Lai.48Ndo.4Sro.i2Cu04. 

The fact that T2L ^ Ti , coupled with the fact that the 
Nd'^"'' ion is not the primary source of relaxation, leads us 



to believe that within the observable domains there ex- 
ist certain magnetic hyperfine fields Hhf at the Cu site 
that fluctuate with a correlation time Tc satisfying the 
motional narrowing limit 'jnHhfTc ^ 1 p6[ (where 7„ is 
the Cu gyromagnetic ratio). We infer that these fluctua- 
tions are primarily magnetic rather than quadrupolar by 
verifying that: 
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In 



1.15 



(4) 



The frequency dependence of I/T2L for the x = 0.20 
sample was shown in Fig. ^(a) at T = iQK < Tcharge, 
and indeed, the 15% rise at lower frequency is consistent 
with primarily magnetic relaxation. It is also known that 
in the motional narrowing limit p6[ , 



I/T2L ~ llHlfT, 



(5) 



but since "fnHhf is not known, one cannot estimate Tc- 
We note however that a sliding motion of CDW's in con- 
ventional CDW conductors causes motional narrowing 
p7| . Our present case is unconventional in the sense 
that we are observing the fraction of the material that 
has not yet ordered, and that charge order turns on slow 
spin dynamics p6|. 



There are at least two possible explanations for the 
sharp rise in ^^i^q below T^^ for x = 0.12. One is based 
on electronic effects. If we assume that T^^ is in the 
vicinity of Tcharge which is certainly true for x = 0.12, 
one can postulate that regions with lower hole concentra- 
tions wipe out at higher temperatures in such a way that 
^^VQ will appear to increase with decreasing temperature 
(recall that regions with higher hole concentrations have 
higher ^^vq values). 

Another possible explanation for the large rise in ^^vq 
arises from structural distortion. In order to obtain a 
semi-quantitative idea of how structural effects change 
^^VQ, we calculate the electic field gradient (EFG) at 
the Cu site by a point charge lattice summation method 
similar to that reported in ||43|] . The two inputs necessary 
for the EFG calculation are the positions of the ions (r^) 
relative to the Cu nucleus and the point charge of the ions 
(ci). The lattice components of the EFG are calculated 
from summations such as: 



^Qlatt 



E< 



(3z| 



n 



(6) 



where we included all the ions within a sphere of radius 
lOOA from the origin. The ionic charges for the A line 
are assigned as follows: 



D. The temperature dependence of vq 
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Fig. 11 shows the temperature dependence of A line 
vq for X — 0.07 and 0.12. The closed symbols indi- 
cate temperatures above Tcharge^ and open symbols be- 
low Tcharge- Also showu is the vertical line marking the 
structural transition temperature T^tt from the LTO to 
LTT (or LTLO). We define T^^ as the temperature be- 
low which the rise in the A line ^^i^q for the observable 
part of the signal starts to increase. T^^ = 70(7)K for 
X = 0.12 , and T^^ « 130(13)K for x = 0.07. Thtt is 
also defined as the HTT (high temperature tetragonal) 
to LTO transition temperature | p4 |. 

The measurement of the temperature dependence for 
the A line ^^i^q for a; > 0.12 has an added complexity to 
it. As shown in Fig. 0(a), the B line increases in ampli- 
tude with Sr doping, and unfortunately, the B line ^^Cu 
frequency coincides with the main A line ^'^Cu. This is 
evident in Fig. E(a) for x = 0.20 where the shape of the 
main peak is largely due to the ^^Cu B line. Accurate de- 
termination of the A line ^^vq temperature dependence 
therefore implies taking very careful lineshapes of a de- 
creasing signal intensity below Tcharge- We have however 
been able to determine that the A line ^^i'q for all the 
samples increases with decreasing temperature down to 
^ lOK and that the rise below Tj^^ = 70(7)K is sharp for 
X = 0.12. X = 0.09 and 0.12 have qualitatively the same 
temperature dependence of the A line ^^i'q- 



La{Nd) ■.+Z Op-. -(2 - -) Oa- -2 Cu : +2 

(7) 

where Op is the planar oxygen, Oa the apical oxygen. 
The room temperature values of the lattice constants are 
taken from high resolution X-ray diffraction Q]. With 
decreasing temperature, the percentile change of the lat- 
tice constants are taken from [Q, where the orthombic 
splitting is reported to go as: 



[b - a]{x, T)^[b~ aUx) x (1 - T/Thtt) 



2/3 



(8) 



where (i = \. The oxygen octahedron tilting angle is 



taken to have the form 



^{x,T)r^^o{x)x{l-T/THTT) 



/3 



(9) 



also with (i = \- Below Tltt, [b-a] is set to zero, and <I> 
is kept at its maximum angle ^o{x) [ p6[ whose value is 
given below. 

For ^^VQ in units of MHz and eqiatt in units of emu x 
2q14^ 63 j^^ jj^g^g -(-j^g general empirical form [ }43[ : 
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vq = A{x) ~ B X eqiatt{x,T) 



(10) 



where A{x) (w 70 MHz) is the contribution from the hole 
in the 3d3,2_j,2 orbital and its value was chosen to match 
the room temperature value of the A line ^^vq- B is 
determined by antishielding effects |16[ and the value is 
estimated to be 14.1 MHz from an empirical fit performed 



by Shimizu et al. on a large pool of data for different su- 
perconducting materials. Our calculations typically give 
sQiatt ~ 2.7, consistent with lattice EFG's for high Tc 
cuprates |^3[. We note that the only parameter we have 
adjusted to best fit the data is the constant A{x). All 
the other parameters have been taken from other exper- 
imental sources. 

We can check that the calculation is in semi- 
quantitative agreement with the data by confirming the 
monotonic rise in ^^i'q with deceasing temperature in 
the LTO phase (without tilting the octahedra, the calcu- 
lation predicts that ^^vq decreases due to lattice shrink- 
ing). Indeed the calculation does show semi-quantitative 
agreement with the data above T^^^ . 

An important result from the calculation is that the 
change from LTO to LTT has little effect on ^^vq, i.e. 
^'^VQ is insensitive to azimuthal rotations of the octahedra 
about the c-axis. This justifies the fact that we have 
neglected any intermediate LTLO phases ||3^. However, 
^^h'Q is sensitive to the angle that the octahedra are tilted 
from the c-axis. Thus in order to try to account for the 
dramatic increase of ^^vq below T^^ for the observable 
NQR signal just from structural effects, we further tilted 
the octahedra from the c-axis starting at T^^ and we 
took the same temperature dependence of the angle in 
the LTO phase: 

$(x, T<T,Jr^ $„(a;) + <Pt{x) x (1 - T/T,J^ (11) 

The only additional parameters now are the maximum 
tilt angle of the extra tilt called ^t{x), and T^q. It is 
clear for x = 0.12 that T, 



'^Q 



T, 



charge 



X = 0.07 we have also used Ty^, ^ Tcharge 



70(7)K, and for 

I'Q '" -^Charge = loO(lo)K. 

The lower line in each plot is with $t(x) = and the 
upper line is for finite ^t{x). The rise in ^^vq can now 
be reproduced, and the angles used were as follows: 

We point out that the values of $t (x) that best repro- 
duce the data should only be taken as estimates. The 
calculation so far described is naturally very sensitive to 
the exact ion positions and to the constant B. For in- 
stance, using a larger B will make ^^vq more sensitive to 
changes in eqiatt, and one would then use lower values of 
$t(x) to reproduce the data. 

There is no conclusive evidence either way. We are re- 
minded however that neither possibility has to involve all 
segments, just those that have not yet been wiped out. 
Even though there have been no reports from bulk scat- 
tering experiments 0,^ that there is further octahe- 
dron tilting at temperatures below Tltt, bulk scattering 
experiments [ p^p2[ measure the spatial average of the 
tilting angle whi\e°^h'Q is a local probe of the observable 
segments. 

Using the same method as described above, we also cal- 
culated the effects charge-stripe formation alone would 
have on the EFG for x = 1/8. Firstly, we confirmed that 
adding 0.5 holes uniformly on the planar oxygens can ac- 



count for the rise in the A line ^^i'q of '^ 8 MHz, in agree- 
ment with experimental observations in La2-a:Sra:Cu04 
pi[ . Next, we took the conventional stripe picture Q 
where the holes lie uniformly in the river of holes across 
one Cu chain separated by bare three leg ladders, and we 
predicted an NQR line splitting into the three peaks cor- 
responding to the three distinct Cu sites (actually each 
peak was further split ~ 300 kHz into two due to per- 
pendicular stripes from neighbouring planes). In the cal- 
culation, we interpreted one hole on a Cu site to mean 
one hole distributed evenly around its four surrounding 
planar oxygens. The highest frequency peak correspond- 
ing to the Cu site on the river shifted ^ 6 MHz above 
the uniformily doped case, while the lowest peak cor- 
responding to the Cu at the centre of the 3-leg ladder 
shifted ^ 3 MHz below the uniform case. We also tried 
various charge-stripe configurations 1^^, and we found 
that any smoothing of the charge distribution reduced 
the peak splitting. 

Contrary to these calculated results of ^^i'q in stripes, 
no NQR line splitting for the observable part of the signal 
was observed experimentally at or below Tcharge- This 
implies that there is no static stripe order in the observ- 
able part of the Cu02 plane. The signal we can observe 
below Tcharge is either from islands that have not yet or- 
dered, or from islands with quasi-static order but with 
NQR lines that are motionally narrowed. 



IV. CONCLUSIONS 

In this paper, we have reported a systematic study of 
the temperature and doping dependence of stripe insta- 
bilities in Lai.g_a;Ndo.4Srj;Cu04 throughout the super- 
conducting regime based on ^^Cu NQR. Our novel ap- 
proach takes advantage of the extreme sensitivity of ^^Cu 
NQR to charge-stripes. We have confirmed that the NQR 
wipeout fraction F{T) is a good measure of the charge- 
stripe order parameter |{7|,yj§] , and we have extended ear- 
lier measurements of the charge-stripe order parameter 
based on diffraction techniques beyond x = 0.12, 0.15 to 
0.07 < X < 0.25 and in doing so, obtain an extended 
phase diagram of the Lai.6-a;Ndo.4Sra;Cu04 system. We 
have also presented and discussed the temperature and 
doping dependence of the NQR parameters ^^i^q, ^^1/Ti, 
and 631/T2. 

We have shown that robust charge-stripe order con- 
tinues to hold up to a; = 0.25, where no static hyperfine 
fields have been reported by fiSK. This implies that com- 
pletely static spin-ordering is not a necessity for charge- 
ordering. On the other hand, the Lorcntzian spin-spin 
relaxation rate ^■^1/T2L observed below Tcharge suggests 
that charge-stripes continue to fiuctuate slowly even be- 
low Tcharge- 

Our observation that Tcharge is higher for lower doping 
X is counterintuitive, given that the charge-stripe transi- 



tion is sharpest for x = ^. On the other hand, the lower 
hole concentration x, the stronger the tendency towards 
charge localization. This might explain why the onset 
of charge order is as much as a factor of two higher in 
temperature for a;=0.07 than for a:=0.12. We should also 
recall that NQR is a local probe sensitive to stripes no 
matter how they are disordered. 

Comparison of the stripe-superconductivity phase di- 
agram of Lai.6-2:Ndo.4Sr2:Cu04 with our results ob- 
tained for La2-a;Sra;Cu04 0], reveals a possibly strik- 
ing feature: it would appear that charge-stripe order 
stops when Tcharge bccomes lower than Tc, which for 
La2_2;Sr2;Cu04 happens to occur at a; ^^ 1/8, but for 
Lai.6-a;Ndo.4Sra;Cu04 does not happen due to the highly 
suppressed Tc and the larger Tcharge- A natural question 
to ask is whether the stripe instabilities and supercon- 
ductivity compete. If one looks at the La2-2:Sr2:Cu04 
with X > 1/8, where static-stripe ordering is supressed 
and superconductivity is robust, one may conclude they 
compete with each other. However, inelastic neutron 
scattering measurements [g6[ indicate that low energy 
(> 2meV) dynamic stripe fluctuations extend beyond 
X — 1/8, and perhaps they coexist even in YBa2Cu306.6 
P8[ . Furthermore, neutron scattering on La2Cu04+5 by 
Y.S. Lee et al. g report that the elastic spin-order inten- 
sity appears at the same temperature as the superconduc- 
tivity, suggesting that the two phenomena are strongly 
correlated. Our new stripe-superconductivity phase di- 
agram for Lai.6-a;Ndo.4Sra;Cu04 in Fig. ^ also clearly 
indicates that the superconductivity phase boundary ex- 
ists within the charge stripe phase boundary. 
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FIG. 1. (a) Lineshapes for Lai.6-i,Ndo.4Sra;Cu04 where 
the value 0.07 < x < 0.25 is shown for each line. All line- 
shapes were taken at 150K and all are normalised to equal 
heights for purposes of comparison. The raw data points are 
shown along with their fits (see text) and the decomposition 
of the fit for x = 0.12 is shown, (b) "^^Cu A line HWHM (a) 
obtained by fitting the 150K lineshapes. (c) A line ^^uq (•), 
B line '^Vq (o) both at 150K. 



FIG. 2. (a) Temperature dependence of the "''Cu A line 
HWHM for X — 0.12 (o) along with a linear extrapolation, 
and the temperature dependence of A line ^^vq for x — 0.12 
(•). (b) X = 0.12 lineshapes at 150K (o), 77K (•), 60K (A), 
40K (a), all corrected for Boltzmann factor (see text). 



FIG. 3. (a) Temperature dependence of the integrated 
®'^Cu NQR intensity for Lai.4gNdo.4Sro.i2Cu04 in arbitrary 
units. Also shown, the onset temperature for wipeout Tcharge, 
and the (o) show Gaussian curvature in the spin echo decay, 
(•) do not (see text), (b) Temperature dependence of the in- 
tegrated intensity for Lai.g75Bao.i25Cu04 for the A line (A) 
and B line (a). 



FIG. 4. (a) ®^l/r2 in ms~^ (•) as a function of frequency at 
30K for the x = 0.20 sample. Also shown, the 30K lineshape 
in arbitrary units measured at fixed r — 0.12/is (o) along 
with its fit and the decomposition of the fit. (b) Temperature 
dependence of the integrated intensity for x = 0.20 measured 
by the full T2 correction (•), or by correcting for T2 just at 
the peak of the A line (x). 



FIG. 5. Wipeout fraction F{T) in Lai.6-:iNdo.4Sr:,Cu04 
for X = 0.07 (A), X = 0.09 (A), x = 0.12 (•), x = 0.15 
{o),x = 0.20 (T), and x = 0.25 {o). The solid lines through 
the points are a guide for the eye. 



FIG. 6. '^^1/Ti 

temperature dependence for Lai.48Ndo.4Sro.i2Cu04 (•), 
Lai.45Ndo.4Sro.i5Cu04 (A), Lai.68Euo.2Sro.i2Cu04 (o) and 
the solid line Lai.885Sro.ii5Cu04 ^^, all measured in ms~^. 



FIG. 7. Spin echo decay for Lai.48Ndo.4Sro.i2Cu04 at the 
various temperatures normalized by the Boltzmann factor. 
Also shown, are spin echo envelopes fit with Gaussian curva- 
ture (o), and without (•). 



FIG. 8. (a) Plots of the wipeout fraction F{T) (o), the 
neutron charge order parameter ^ (•), the X-ray order pa- 
rameter * (a), and the neutron spin order parameter ^ (x) 
for X — 0.12. Each data set is normalized to its lOK value 
and the dotted lines are guides for the eye. (b) Wipeout frac- 
tion F{T) (o) along with the X-ray order parameter ^ (•) for 
X = 0.15. Each data set is normalized to its lOK value and 
the dotted line is a guide for the eye. (c) Wipeout fraction 
F{t) as a function of the reduced temperature t = T /Tcharge 
for X = 0.07 (V) , a; = 0.09 (o), x = 0.12 (•), x = 0.15 (A), 
and X = 0.20 (a). The solid line is fd{t), and the dashed lines 
are guides for the eye. 
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FIG. 9. Phase diagram with Tcharge for 

Lai.6-iNdo.4Srj;Cu04 (•), Tcharge for Lai.8-iEUo.2Sra:Cu04 

(o), Tspin for Lai.6-a;Ndo.4Sra;Cu04 according to neutron 
scattering (x) ^^ , Tspin for Lai.6-a;Ndo.4SriCu04 accord- 
ing to ^SR (+) ^'^, and Tc for Lai.6-:cNdo.4Sr^Cu04 (a) 
along with a shaded region to highlight the superconducting 
phase. Also shown is the LTO to LTT (or LTLO) boundary 
(broken line) for Lai.6-a;Ndo.4Sra,Cu04 ^^, and two dashed 
lines joining the (x) and (+) points as a guide for the eye. 
Near the solubility limit, we find Tcharge ~ 40(10)K for 
Lai.35Ndo.4Sro.25Cu04 (not shown) to be about the same as 

Tcharge = 40(6)K for La1.40Ndo.4Sro. 20 CUO4. 



FIG. 10. Temperature dependence of ^'^1/T2 in ms ^ for 
Lai.6-:rNdo.4Sr:„Cu04 with x = 0.07 (•), x = 0.12 (o), 
X — 0.25 (A), and also for Lai.68Euo.2Sro.i2Cu04 (■). 



FIG. 11. Temperature dependence of ^'''fQ A line for (a) 
X = 0.07 and (b) x — 0.12. (•) corresponds to data for 
T > Tcharge and (o) to T < Tcharge- The Vertical line indi- 
cates the LTO-LTT transition temperature. The upper curve 
of the fit corresponds to finite ^t{x), and the lower curve to 
M^) = 0. 
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